1993). The nitrification of lagoon swine wastewater is an especially difficult process because of the very low numbers of Nitrosomonas and Nitrobacter usually found after anaerobic treatment (Blouin et al., 1990) . Even when the oxygen supply is plentiful, an adaptation period is needed to reach a minimum bacteria concentration before effective nitrification. Recycling surplus activated sludge in an aerobic reactor or long hydraulic retention time (HRT) is required to retain slow growing autotrophic nitrifiers. Unfortunately, in the absence of enriched nitrifying populations, aerobic treatment of lagoons can potentially add to problems by stripping ammonia into the atmosphere, particularly if uncontrolled or excessive flow rates of air are used (Burton, 1992) .
The efficiency of the nitrification process can be increased by increasing the nitrifiers' retention time independent from the wastewater retention time (Wijffels et al., 1993) . In most cases this is done by immobilization of nitrifiers. One advantage of this technology is that increased wastewater flow is possible with minimal washout of immobilized bacteria. Immobilization has been widely used in wastewater treatment applications by taking advantage of spontaneous attachment of cells to the surface of inert support materials. Applications of attached growth for treatment of swine wastewater have been developed by Ciaccolini et al. (1984) and St.-Arnaud et al. (1991) who reported higher nitrification rates compared to systems where microorganisms were in suspension.
Advances in biotechnology using immobilization technology have shown that higher nitrification efficiencies are possible through the entrapment of cells in polymer gels, a common technique in drug manufacturing and food processing. The successful application for nitrification treatment of municipal wastewater has been demonstrated using both natural polymers such as calcium alginate (Lewandowski et al., 1987) and synthetic polymers such as polyethylene glycol, PEG (Tanaka et al., 1991) , or polyvinyl alcohol, PVA (Furukawa et al., 1994) . Pellets made of synthetic polymers are superior to natural polymers in terms of strength and durability; their estimated life span is about 10 years. These characteristics are very important in long-term biotreatment operation. For this reason, synthetic polymer pellets are preferred for pilot-and plant-scale purposes. There are currently several full-scale municipal wastewater treatment plants using this technology in Japan (Takeshima et al., 1993) .The nitrifiers are entrapped in 3-to 5-mm polymer pellets permeable to NH 4 + , oxygen, and carbon dioxide needed by these microorganisms, resulting in a fast and efficient removal of N. Tanaka et al. (1991) reported nitrification rates three times higher than those of the conventional activated sludge process. Previous work with nitrifying pellets has been done exclusively in municipal-type systems where typical NH 4 + concentrations are about 30 mg N L -1 and BOD 5 < 90 mg L -1 . There are no reports whether the high performance of these pellets can be maintained with animal wastewater containing 10 times more N and high concentrations of carbonaceous materials.
Our objectives were to determine the feasibility of using immobilized nitrifying pellets for fast removal of NH 4 + contained in lagoon swine wastewater. In this article, we report on procedures used for preparation of immobilized ALNS pellets and the evaluation of the nitrifying activity of the pellets through batch and continuous nitrification experiments of swine wastewater.
MATERIALS AND METHODS

PREPARATION OF NITRIFYING CULTURE
A culture of acclimated lagoon nitrifying sludge (ALNS) was prepared with seed biofilm sludge obtained from the surface soil of an overland flow field plot located in Duplin County, North Carolina. The overland flow provided nitrification treatment for a wastewater effluent from an anaerobic swine lagoon (Vanotti et al., 1998) . At the time of sample collection, it had been operational for 1.5 yr receiving daily loading rates of 60 to 100 kg N ha -1 . The biofilm sludge sample contained large amounts of intermixed plant materials that were separated by rinsing the sample with tap water over an 0.8-mm opening sieve. The fine organic particles collected in the filtrate, comprising the nitrifying sludge, were concentrated by sedimentation in a Imhoff settling vessel and washed with water to remove residual dissolved organic materials. The settled sludge was then transferred into 12-L aeration tanks and diluted to a level of 100 mg MLSS L -1 (dry weight basis) with a synthetic inorganic salts medium (table 1) . The ALNS cultures were prepared in the aeration tanks using a fill-and-draw cultivation method, where the aeration was stopped once each day, the suspensions allowed to settle for 30 min, the supernatant withdrawn and replaced with fresh inorganic salts medium, and aeration resumed. Temperature and dissolved oxygen (DO) in the culture tanks were maintained at 35°C and 6.5 mg L -1 , respectively. The alkalinity concentration of the inorganic salts medium (table 1) was 1125 mg CaCO 3 L -1 and supplied approximately half the alkalinity needs for complete nitrification of 300 mg NH 4 -N L -1 . In order to maintain the pH at 8.5, the mixed liquor was supplemented with carbonates. During the first 5 d of cultivation, the pH of the mixed liquor was adjusted to 8.5 by addition of 1 N K 2 CO 3 two to five times a day. Thereafter, a pH 8.5 CO 3 = /HCO 3 -buffer consisting of 31 mg Na 2 CO 3 L -1 and 1660 mg NaHCO 3 L -1 (alkalinity = 1017 mg CaCO 3 L -1 ) was added daily after 8 h of aeration. The nitrifying cells were harvested by sedimentation after 20 d of incubation; the cultivation procedure yielded 0.968 g-MLSS of ALNS L -1 (0.755 g-MLVSS L -1 ).
IMMOBILIZATION TECHNIQUE
The ALNS was encapsulated in polymer gels according to the PVA-freezing method of Hashimoto et al. (1986) . The ALNS was concentrated to 58 g L -1 by sedimentation 406 TRANSACTIONS OF THE ASAE 
REACTOR CONFIGURATION
A diagram of the experimental apparatus used in the nitrification experiments is shown in figure 1. The basic reactor consisted of a 1.2 L aeration tank and was modeled after the Pegasus process (Tada et al., 1991; Takeshima et al., 1993) . Pellets were added at 183.6 g (wet) per reactor, equivalent to a 15.3% (w/v) pellet concentration. A 1-mm wedge-wire screen was placed before the outlet port to separate the pellets and free cells, and retain the pellets inside the reactor. Air was supplied from the bottom of the tank at a flow rate of 0.4 L min -1 to ensure full fluidization of immobilized pellets. The diffuser consisted of an aquarium porous stone that provided fine bubble aeration. The resulting dissolved oxygen (DO) concentration in the mixed-liquor was > 3 mg L -1 (range 3.1 to 4.2 mg L -1 ), which is consistent with DO level recommendations for non-limiting nitrification (Focht and Chang, 1975; Sharma and Ahlert, 1977; Tchobanoglous and Burton, 1991) . Process temperature was controlled at 30°C using a heat regulator and a circulated water bath that accommodated up to six reactors. A wastewater temperature of 30°C was selected because previous work on nitrification and nitrogen removal (Focht and Chang, 1975; Sharma and Ahlert, 1977) indicate that the overall optimum temperature for the nitrification process is in the range of 28 to 36°C . A variable flow peristaltic pump was used in the continuous flow experiments to feed the lagoon wastewater to the nitrification tank. The NH 4 -N loading rate was adjusted by varying the flow rates from 1029 to 7200 mL d -1 . These flow rates provided hydraulic retention time (HRT) treatment in the range of 28 to 4 h, respectively. Each flow rate was maintained for 1 week; water quality samples were collected daily at days three through seven from both the influent and the effluent liquid. The batch experiments were conducted under the same conditions described above using 1.2 L reactors without an influent line. All the experiments were duplicated.
ANALYTICAL METHODS
Wastewater analyses were done according to Standard Methods (APHA, 1992). The NO 3 -N, NO 2 -N, and NH 4 -N concentrations were determined by automated analyses (Technicon Instruments Corp., 1977; 1978) of filtered samples. Wastewater samples were collected in 3.5 mL vials, stored at 4°C immediately after sampling, and analyzed for nutrients within 24 h. Changes in N forms during storage using this procedure were < 1%. Alkalinity was determined by acid titration to the bromocresol green endpoint (pH = 4.5) and expressed as mg CaCO 3 L -1 . This pH coincided with the inflection point of the titration curve. Process pH was monitored throughout the experiments using temperature-compensated pH probes. The concentrations of un-ionized ammonia [free ammonia, NH 3 (FA)] and un-ionized nitrous acid [free nitrous acid, HNO 2 (FNA)] were calculated using the equations given by Anthonisen et al. (1976) where K b , K w , and K a are ionization constants for NH 3 , H 2 O, and HNO 2 , respectively. Both the ratio (K b /K w ) and K a may be related to temperature: (K b /K w ) = exp [6344/(273 + T)] and Ka = exp [-2300/(273 + T)]. Samples used for mixed liquor suspended solids (MLSS) and volatile suspended solids (MLVSS) determinations were collected in 50 mL vials while continuously mixing the cultures with a bench stirrer. The residue retained on a glass-fiber filter was dried to 105°C for suspended solids determination and ignited to 500°C for volatile suspended solids (APHA, 1992) . The nitrifying activity of the cultures, expressed as mg N oxidized g-MLSS -1 h -1 , was calculated from the rate of increase of (NO 3 -+ NO 2 -)-N concentration during the first 4 h of aeration of a fresh inorganic salts medium. Weight of pellets is reported in a wet stage determined after draining off liquids with a 1.2-mm mesh sieve. Corresponding pellet volume was determined by water displacement using a weighed pellet sample and a graduated cylinder.
RESULTS AND DISCUSSION
PREPARATION OF NITRIFYING POLYMER PELLETS
The ALNS exhibited high nitrification activity and good settling characteristics. The nitrification activity of ALNS, obtained before immobilization using the inorganic medium (300 mg NH 4 -N L -1 ), was 15.4 mg-N g-MLSS -1 h -1 . This rate is similar to values from 13.1 to 17.5 mg-N g-MLSS -1 h -1 reported by Furukawa et al. (1993) with marine nitrifiers but higher than typical values of 0.2-6 mg N g-MLSS -1 h -1 reported for fresh water activated sludgetype systems (Wild et al., 1971; Loehr et al., 1973; Sharma and Ahlert, 1977) . The composition of the inorganic medium used to grow the ALNS (table 1) was selected to prevent nitrification inhibition during lagoon liquid testing by high NH 3 . For example, the initial concentration of NH 3 in these batch cultures (at 35°C and a pH of 8.5, eq. 1) was 96.2 mg L -1 , or about 2.5 times higher than levels in the aerated lagoon liquid tested.
The nitrifying sludge also showed extremely good settling properties as it was concentrated to 58.0 g-MLSS L -1 using simple sedimentation procedures. A high concentration of nitrifying sludge in the polymerization mixture is desirable in order to increase the number of microorganisms contained in the pellet and the nitrification potential of the pellets, but there are practical limits. For example, centrifugation at 3,000 rpm for 10 min further increased concentration to 96.6 g L -1 . However, its handling during preparation of the PVA-ALNS mixture was difficult due to loss of fluidity. Therefore, the concentration of cells by sedimentation was preferred. The mixture of PVA-HC aqueous solution and concentrated ALNS, with a final PVA concentration of 9.91%, was successfully immobilized using the PVA-freezing method. The immobilized pellets had an elastic, rubber-like appearance, and exhibited excellent gel strength that did not deteriorate even after long-term treatment. This was evaluated in one of the original reactors used in the continuous flow experiments that was kept running uninterrupted for 2.5 years receiving swine lagoon wastewater at loading rates of 400 to 600 g NH 4 -N L-reactor -1 d -1 . Periodic examination showed no noticeable changes in their original shape and a total pellet loss from the reactor of only 5.4 g (< 3% by weight). In fact, after this 2.5-year period of continuous reaction, the immobilized ALNS pellets exhibited two times greater nitrification rate in an experiment with high NH 4 + concentration wastewater (Vanotti et al., 1999) .
NITRIFICATION OF SWINE WASTEWATER USING BATCH TREATMENT
The nitrifying pellets showed excellent capability for fast and efficient removal of NH 4 -N from lagoon wastewater. Data in figure 2 show nitrification performance in a batch run in which the lagoon liquid was supplemented with 1 g L -1 of a carbonate mixture composed of 98.15% NaHCO 3 and 1.85% Na 2 CO 3 . This supplement provided an extra 600 mg L -1 of alkalinity and kept the process pH within a narrow range of 7.7 to 8.3 for optimum nitrification treatment. The NH 4 + in the lagoon liquid was completely removed in only 14 h of aeration treatment. It was transformed into oxidized N forms without losses of NH 3 by volatilization; full conversion of NO 2 -to NO 3 -was completed in approximately 24 h. Ammonia was nitrified readily, decreasing linearly (r = 0.998) at a rate of 16.1 mg NH 4 -N L -1 h -1 . Corresponding (NO 3 -+ NO 2 -)-N production was also linear with time (r = 0.998) and averaged 15.9 mg N L -1 h -1 . These rates are comparable to values of 7.7 to 11.6 mg NH 4 -N L -1 h -1 reported by Tanaka et al. (1991) using nitrifying pellets applied to municipal wastewater containing 20 to 25 mg NH 4 -N L -1 . Our results are significant because they show that nitrification efficiency of nitrifying pellets was not affected with animal wastewater containing ~10 times more NH 4 + than municipal systems as well as higher BOD (> 100 mg L -1 ). The initial concentration of ALNS contained in the PVA gel was 37.9 mg g-pellet -1 . At the loading rate of 153 g-pellet L -1 of reactor volume (15.3%), the concentration of immobilized ALNS in the reactor was 5800 g-MLSS L -1 ( 4500 g-MLVSS L -1 ). Wild et al. (1971) and Srinath et al. (1976) reported that the time 408 TRANSACTIONS OF THE ASAE required for a given degree of ammonia removal was inversely proportional to the concentration of nitrifiers present for a range of MLVSS from 60 to 6000 mg L -1 . Although we are uncertain of the actual number of nitrifiers that remained functional after the polymerization process, their numbers should have been considerable based on both the high nitrification efficiency observed and reports of other workers. These increased numbers are very important for nitrification of lagoon wastewater. For instance, Ballester et al. (1992) and Blouin et al. (1990) have shown the need to inoculate with nitrifying microorganisms for rapid nitrification of anaerobically digested liquid swine manure because of the extremely low concentration of nitrifiers contained in these wastes. Using batch treatment with a 10% (v/v) inoculum of enriched nitrifying cultures, Ballester et al. (1992) reported a nitrification efficacy of 6 to 10 mg NH 4 -N oxidized L -1 h -1 , which was obtained after an initial lag phase of 4 to 6 d of zero nitrification. Without inoculation, the initial lag phase was extended to 17 d, and the nitrification rates obtained thereafter were much lower (~1.7 mg N L -1 h -1 ). Similarly, Blouin et al. (1990) showed higher nitrification efficacy (12.0 mg NH 4 -N oxidized L -1 h -1 ) for swine waste inoculated (10% v/v) with enriched nitrifying populations in high (10 6 -10 7 MPN/mL) concentration; compared to rates of about 0.9 mg NH 4 -N oxidized L -1 h -1 with addition of an inoculum consisting of activated sludge from a municipal plant, or no nitrification at all (49 d) in an aerated control that was not inoculated. Thus, the rapid NH 4 + oxidation of 16 mg N L -1 h -1 obtained with immobilized pellets (fig. 2) indicates a high concentration of active nitrifying microorganisms in the pellets since comparable nitrification rates for anaerobically digested swine waste have been obtained only after massive inoculation of nitrifying bacteria. One of the advantages of using immobilized technology applied to nitrification of swine wastewater is that problems of maintaining enriched nitrifying populations often reported for systems where cells are in suspension (St.-Arnaud et al., 1991) are minimized due to the gel entrapment conditions. In addition to poor nitrification, aerobic treatment of lagoons can potentially add to environmental problems by stripping out ammonia in the absence of enriched nitrifying populations. This is illustrated in figure 3 , showing the nitrogen transformations in a control batch treatment without addition of nitrifying pellets or alkalinity supplements. Nitrification did not start until day 10, and by that time a significant amount of NH 4 + was already lost. This loss was likely due to NH 3 volatilization and air stripping and not from simultaneous nitrification/ denitrification or microbial biomass uptake because: (1) process pH did not decrease (as it would be expected with active nitrification of swine wastewater without alkalinity supplements); and (2) total Kjeldhal N values were not maintained (as expected with microbial growth and uptake). Nitrification was completed at day 17 with 30% of the initial NH 4 + oxidized (only NO 2 -was formed) and the remaining 70% unaccounted, presumably lost through NH 3 stripping. The patterns of nitrification and N transformations shown in figure 3 are typical of results obtained by other authors such as Ballester et al. (1992) , Blouin et al., (1990) , and Sievers (1995) with aeration treatment of anaerobically digested swine wastewater without addition of nitrifiers and illustrate the need to increase the concentration of nitrifying microorganisms for the rapid nitrification of these wastes.
IMPACT OF pH CONTROL
Control of pH is also an important consideration for optimum nitrification of swine wastewater. During nitrification, there is a release of hydrogen ions, at a rate of 2 mol for each mole of NH 4 + oxidized, that decreases the pH to an extent related to the buffering capacity of the system. The alkalinity concentration in the lagoon wastewater (1357 mg CaCO 3 L -1 ) was lower than 1670 mg L -1 estimated for complete oxidation of 233 mg NH 4 -N L -1 , considering an alkalinity consumption ratio of 7.14 mg-CaCO 3 per mg NH 4 -N oxidized (Sherrard, 1976) . Figure 4 shows a typical pattern of acidification of lagoon liquid by nitrification activity of the pellets. Results of this and other batch runs (not shown) conducted on the same wastewater without initial alkalinity supplementation showed that NH 4 + oxidation was always halted at about 12 h when the pH of the mixed liquor reached a value of 6.0 to 6.2, leaving at that point approximately 20% of the N untreated (~50 mg N L -1 ).
One mechanism by which pH affects the rate of nitrification has been proposed by Anthonisen et al. (1976) . They proposed that nitrifying bacteria are inhibited by the un-ionized rather than the total ion concentration of ammonia and nitrite. Their studies showed that NH 4 + oxidation by Nitrosomonas sp. is usually inhibited at concentrations of un-ionized nitrous acid (HNO 2 ) of 0.2 to 2.8 mg L -1 and concentration of un-ionized ammonia (NH 3 ) of 10 to 150 mg L -1 , while NO 2 -oxidation by Nitrobacter sp. is inhibited with NH 3 concentrations in the range of 0.1 to 1.0 mg L -1 . Our data fit well within these inhibitory values. Figure 4 shows that oxidation of NO 2 -N was inhibited during the first 8.5 h and during the pH adjustment period. Corresponding free NH 3 concentrations shown in figure 5 indicate that NO 2 -oxidation was inhibited at NH 3 concentration levels between 2.0 and 31.2 mg L -1 . As the NO 2 -N accumulated and the pH decreased during progression of nitrification ( fig. 4) , the free nitrous acid increased to a value of 0.3 mg L -1 ( fig. 5) , which inhibited NH 4 + oxidation. This inhibition was relieved with pH corrections at 12 to 16 h, and NH 4 + oxidation was rapidly completed. These data indicate that NH 4 + oxidation using immobilized ALNS pellets is not affected by free ammonia levels of swine lagoon wastewater and that inhibition caused by high HNO 2 concentration during the progress of nitrification can be easily corrected through pH control. Results from such a system are shown in figure 2 where the pH was kept buffered within a narrow, optimum range through inorganic carbon addition. It maintained HNO 2 concentrations lower than 0.02 mg L -1 even when total nitrite-N accumulated to excessively high levels (153 mg L -1 ). Our data also show that NO 2 -oxidizing microorganisms in the pellets were more sensitive to free NH 3 levels in the lagoon liquid, and this process was inhibited when NH 3 exceeded 2.0 mg L -1 . An aerated lagoon liquid with a total NH 4 -N concentration of 230 mg L -1 and a pH of 8.3 contains 38.7 mg NH 3 L -1 at 30°C (eq. 1). Thus, during batch treatment, initially high NH 3 levels in the waste will extend the total process time needed to complete nitrification to NO 3 -( figs. 2 and 4 ). This limitation, however, may not be consequential if the goal in lagoon wastewater treatment is to remove N through a nitrification/denitrification cycle. For example, Focht and Chang (1975) suggested that NH 4 + oxidation to NO 2 -and then reduction to N 2 represents an improvement over complete oxidation to NO 3 -and subsequent reduction. This is because the overall process results in less energy expenditure and time and since toxicity of NH 3 to Nitrobacter does not have to be considered, the loading rates of high NH 4 -N concentration can be increased.
NITRIFICATION OF SWINE WASTEWATER USING CONTINUOUS FLOW TREATMENT
Ammonia removal potential of ALNS pellets was also evaluated under continuous flow with increasing NH 4 + loading rate treatments. Ammonia loading rates were gradually increased during a two-month period from 194 to a maximum of 1287 mg-NH 4 -N L-reactor -1 d -1 (corresponding from 1.27 to 8.40 mg-NH 4 -N g-pellet -1 d -1 , respectively). Loading rates were adjusted by changing the influent flow rate in order to provide a range of hydraulic retention time (HRT) from 24 to 4 h (table 2). Alkalinity was supplemented in all the treatment runs with 1 g L -1 of a carbonate mixture added to the influent wastewater and consisted of 98.15% NaHCO 3 and 1.85% Na 2 CO 3 .
Tables 2 and 3 present the treatment results of these continuous experiments. The NH 4 + -N removed was entirely recovered in NO 3 -and NO 2 -forms. Nitrification efficiencies of more than 90% were successfully obtained, even at relatively short hydraulic retention time of 12 h and NH 4 + loading rate of 418 mg N L-reactor -1 d -1 . The pelletto-reactor volume ratio was 15.3% (w / v ); the corresponding NH 4 + loading rate for unit mass of pellet (wet) was 2.73 mg N g-pellet -1 d -1 . Nitrification performance of pellets obtained with swine wastewater is comparable with performance in municipal wastewater applications. Furukawa et al. (1994) reported > 80% nitrification efficiencies for treatment of NH 4 + polluted landfill leachate (containing 35 mg NH 4 + -N L -1 ) by using PVA immobilized nitrifiers with an NH 4 -N loading rate of 2.9 mg N g-pellet -1 d -1 . High nitrification performance (> 90% efficiency at NH 4 -N loading of 1.7 to 1.9 mg N g-pellet -1 d -1 ) has been also reported by Tanaka et al. (1991) with PEG pellets applied to municipal wastewater containing 20 to 30 mg N L -1 d -1 . Our results indicate that the nitrifying potential of immobilized ALNS was not affected by certain wastewater quality characteristics in animal lagoon liquid such as high NH 4 + and BOD strength that were thought to be limiting factors. Consequently, our results verified for the first time that the nitrification treatment of animal wastewater by immobilized pellets is feasible. The metal screen placed inside the reactor prevented attachment of heterotrophic bacteria and the formation of a deleterious biofilm on the surface of the pellets due to a cleaning action during fluidization and separation of free cells in the effluent. This mechanism may explain the excellent nitrification efficiency obtained with high BOD 5 test values of 195 mg L -1 in the influent. The average BOD 5 concentration in the effluent obtained at optimum nitrification performance (HRT = 12 h) was 24 mg L -1 .
Nitrification rates obtained with continuous flow were comparable to those obtained with batch treatment. For example, the rate of (NO 3 -+ NO 2 -)-N production was 397 mg N L-reactor -1 d -1 in the continuous experiment at optimum HRT of 12 h, which is similar to the 382 mg N Lreactor -1 d -1 (15.9 mg N L -1 h -1 ) obtained in batch treatment ( fig. 2) . However, high NO 2 -concentrations were not detected in the continuous experiments using optimum HRT, and NO 3 -was the predominant form in the effluent indicating that NO 2 -oxidizing bacteria in the pellet were not inhibited and operated simultaneously with NH 4 + oxidizers (table 2) . This difference is explained by the much lower NH 4 + concentration maintained in the reactor; therefore, lower "free" NH 3 levels in the system to cause inhibition of NO 2 -oxidation. For example, using the effluent NH 4 + concentration and pH data in table 2, the calculated NH 3 levels in the reactor at HRT of 16 and 12 h were 0.7 and 2.6 mg L -1 , respectively, which contrast with initial conditions (38.7 mg NH 3 L -1 ) estimated for the batch system that suppressed activity of NO 2 -oxidizing bacteria. Thus, continuous treatment is desirable for rapid, complete nitrification of high NH 4 + strength animal wastewater.
By increasing the NH 4 -N loading rate to 634 mg N L-reactor -1 d -1 (4.16 mg N g-pellet -1 d -1 ; 8 h HRT), the nitrification efficiency was decreased to 65% (table 3) . Nitrification efficiencies decreased further to 44% at the highest rate of 1287 mg N L-reactor -1 d -1 (8.40 mg N g-pellet -1 d -1 ; 4 h HRT). The total NH 4 -N removed, however, increased with loading rates. At the HRT of 4 h, the NH 4 + removal rate was 604 mg N L-reactor -1 d -1 , which is 66% higher than the removal rate obtained at HRT of 12 h providing optimum nitrification efficiency. Higher efficiencies may be useful for systems designed to meet stream discharge requirements. Such complete treatment is unlikely to be necessary for most farms, and a retrofit nitrification unit operated at shorter retention times may be appropriate because it will remove higher amounts of NH 4 + ammonia from a lagoon. This strategy has the potential advantage of reducing the total cost of aeration per unit of nitrate-N produced.
CONCLUSIONS
The use of large populations of nitrifying bacteria entrapped in polymer resins offers the potential for NH 4 + removal rates that are much faster than those occurring in conventional waste treatment systems based on activated sludge. Although this technology has been successfully used for treating municipal wastewaters that have lower concentrations of nitrogen and organic carbon compared to liquid animal manure, there was a concern that concentrated animal waste may be harmful to the immobilized bacteria, specifically because of high free NH 3 and BOD. Our approach was to use immobilized pellet technology with nitrifying sludge acclimated to lagoon swine wastewater (ALNS). The ALNS was obtained from a nitrifying biofilm that developed in an overland flow system used to treat swine wastewater and exhibited high nitrification activity (15.4 mg N g-MLSS -1 h -1 ) in a batch culture with free NH 3 levels of 96 mg L -1 . This result show that ALNS was very tolerant of high NH 3 411 VOL. 43(2): 405-413 se 1767 ms 7/9/01 7:45 AM Page 411 concentrations since toxicity threshold for NH 4 + oxidizers has been reported as 10 to 150 mg L -1 .
The ALNS was successfully immobilized in polymer pellets using a PVA-freezing method. Our results show that immobilized ALNS can rapidly convert NH 4 + from lagoon wastewater to NO 3 -N and at rates that are comparable to those obtained in municipal applications. Optimum performance was obtained when the process pH was controlled with alkali supplements. This was important to prevent inhibition of Nitrosomonas by HNO 2 . Addition of 400 to 600 mg alkalinity L -1 was needed for complete NH 4 + oxidation in the lagoon sample. In batch treatment, only 14 h were needed for complete oxidation of NH 4 + (~210-230 mg N L -1 ) to NO 3 -and NO 2 -using immobilized ALNS pellets. The rate of nitrification was extremely low in a control without the pellets, where most of the NH 4 + was lost through air stripping. This demonstrated the problems with using aeration for nitrification of lagoon liquid or other animal wastes having low concentration of nitrifiers. In continuous flow, nitrification efficiencies > 95% were obtained with HRT ≥ 12 h and NH 4 + loading rates ≤ 418 mg N L -1 d -1 . Although the nitrification efficiency decreased with higher loading, the NH 4 + removal rates increased; the highest rate, 604 mg N L -1 d -1 , was obtained with HRT of 4 h. In all cases, all of the NH 4 -N removed was entirely recovered in oxidized N forms. Immobilization is an attractive way to maintain high cell concentration and prevent washout of the slowgrowing autotrophic nitrifiers under high flow rate conditions such as those used in this study. Rates of NH 4 + oxidation were similar in both continuous flow and batch treatment; but high NH 3 levels in batch mode affected NO 2 -oxidation to NO 3 -. However, complete conversion to NO 3 -may not be a critical factor if the overall goal is to remove surplus NH 4 + from a farm through nitrification/ denitrification processes.
The results of this study indicate that immobilized pellets are a useful technology for the nitrification treatment of swine wastewater. Although this study shows the magnitude of the capacity for NH 4 + removal from animal lagoons by encapsulated ALNS, pilot-scale testing would be required to evaluate the most efficient operating strategy for a full-scale nitrification reactor.
